ABSTRACT Approximately 20% of patients who receive left ventricular assist devices (LVADs) for refractory cardiac failure after open heart surgery have had complications of right ventricular failure. To evaluate this problem in the diseased heart we simulated an LVAD in the operating room by bypassing and unloading the left ventricle with the heart-lung machine before routine open heart surgery. Right 
PREVIOUS CLINICAL EXPERIENCE with left ventricular assist devices (LVADs) used for refractory cardiac failure after open heart surgery has demonstrated right heart failure in a significant fraction of patients.1 Of 213 patients who received LVADs at 12 different centers, 49 patients either died of right ventricular failure or required biventricular mechanical support.1 Reports from many of these centers discussed right ventricular failure as a potential limitation to LVAD therapy,211 but others reported adequate management of right ventricular function with isoproterenol'2 or did not mention right ventricular failure as a major problem during left ventricular assistance.' In addition, our experimental studies of left ventricular bypass and unloading in the normal dog heart'6' 17 and findings of a preliminary clinical study '8 have pro- vided no evidence of right ventricular failure. Although patient survival during mechanical support of only one ventricle is obviously dependent on the severity of biventricular dysfunction,8 the problem is not clearly understood in terms of anatomic and hemody-namic ventricular interaction or in terms of patient selection and patient management. The purpose of the present study is to extend the experimental evaluation of the effects of left ventricular bypass on right ventricular function to the diseased human heart by studying patients during routine open heart surgery.
Methods
Patients for study during left ventricular bypass were selected from the pool of patients referred to the Department of Cardiovascular Surgery at Pacific Presbyterian Medical Center for aortocoronary bypass grafting, aneurysmectomy, and valve replacement surgery. Studies were performed with the signed informed consent of each patient according to a protocol approved by the hospital's Institutional Review Board. Patients ( 
Results
Under control conditions, stroke volume and cardiac output were significantly lower in the poor left ventricular function group than in the normal left ventricular function group, and right ventricular end-diastolic pressure, mean pulmonary arterial pressure, and pul- (9) 4 ± 3A (9) 56+ 11B (10) 68 ± 3B (9) 281 + 39A (9) 1804 + 206 The most common cause of right ventricular failure is the increase in right ventricular afterload resulting from left ventricular failure.20 Although at least one study has shown normal right ventricular performance in patients with mitral stenosis and moderate pulmonary hypertension,2' most studies show the right ventricle to be markedly afterload dependent, with right ventricular ejection fraction being lower in patients with elevated pulmonary arterial pressure than in normal subjects. 22 24 In a preliminary transesophageal echocardiographic study in humans, we have shown right ventricular cross-sectional area to decrease by 29% in diastole and by 54% in systole, and fractional area change to increase from 42% to 63%, in response to a 19 mm Hg decrease in pulmonary arterial pressure during left heart bypass.'8 Similar results were also found in a patient supported with an LVAD for 10 days. 18 These decreases in right ventricular dimensions during left ventricular bypass are consistent with right ventricular afterload dependence, but appear to conflict with results of studies using ultrasonic crystals in dogs indicating an increase in right ventricular free wall-to-septum dimension with no change in fractional shortening during left ventricular unloading. 1" However, the differences can be explained by the fact that the large reduction in pulmonary arterial pressure was the Vol. 72, No. 6, December 1985 dominant factor in the clinical studies and that the leftward septal shift was the dominant factor in the animal study, in which a much smaller change in pulmonary arterial pressure was noted.
Hypotheses based on studies of ventricular interdependence can explain at least three changes during left ventricular bypass that can affect the preload, afterload, and contractility of the right ventricle.' First, a translocation of blood volume from the pulmonary venous circulation to the systemic circulation by the LVAD can result in increased venous return to the right ventricle, thereby modifying right ventricular preload. Second, pulmonary arterial and right ventricular systolic pressures and wall stress (afterload) in patients with normal pulmonary vascular resistance may be reduced indirectly due to a reduction in left ventricular filling pressure produced by the translocation in blood volume away from the pulmonary circulation. Third, the septal contribution to right ventricular contraction may be reduced in some patients due to left ventricular pressure and volume unloading, effectively reducing right ventricular contractility.
The results of the present study support the second hypothesis, especially in the patients with poor preoperative left ventricular ejection fractions. The data from the poor left ventricular function group also show venous return and cardiac output to increase during left heart bypass, as predicted by the first hypothesis. In fact, increased venous return appeared to be handled easily by the right ventricle since the pulmonary arterial and right ventricular end-diastolic pressures decreased during left ventricular bypass. The third hypothesis cannot be tested by the data presented here, but it is supported by studies in normal dog hearts,'6'25 as well as by studies from isolated hearts that show reduced right ventricular performance and reduced coupling between the ventricles when the left ventricle is pressure unloaded.2628
Because it is easier to pressure unload a left ventricle with poor function (79% decrease in left ventricular peak systolic pressure) than with normal function (45% decrease in left ventricular peak systolic pressure), the effects on interventricular septal wall stress and its contribution to right ventricular function may differ in each group. Further unloading, as in some of the animal preparations, may produce even greater reductions in this contribution. Right ventricular function during left heart assistance is determined, therefore, by the resultant balance among these factors, a balance that most likely varies under different conditions of cardiac pathology.
An illustration of the interaction between these hy- potheses is shown in figure 5 . Left ventricular unloading with an LVAD may result in a leftward shift of the interventricular septum (figure 5, B) as blood is pumped by the LVAD in parallel with the left heart and in series with the right heart. 
